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Novel trisubstituted ethylenes (TSE), chloro and fluoro 2-cyano-3-phenyl-2-propenoic propenoates 
(XPhCH=C(CN)CO2CH(CH3)2) were prepared and copolymerized with styrene (ST). The 
monomers were synthesized by modified crossed aldol condensation reaction (Knoevenagel 
condensation) of chloro and fluoro ring-substituted benzaldehydes with isopropyl cyanoacetate using 
piperidine as catalyst. They were subsequently characterized by IR, 1H and 13C-NMR and CHN 
analysis as well. The novel TSE monomers formed were then copolymerized with styrene (ST) in 
solution at 70 °C and 1,1′-Azobis(cyclohexanecarbonitrile) (ABCN) was used as radical initiator 
of the reaction. The composition of the novel copolymers was calculated from nitrogen analysis and 
their structures were analyzed by IR, 1H and 13C-NMR. The order of relative reactivity (1/r1) for the 
TSE monomers was calculated to be: 2,3,5,6-tetrafluoro (1.30) > 2,3,6-trichloro (1.21) > 2,3,4-
trifluoro (1.20) > 3,4,5-trifluoro (1.17) > 2,3,4,5,6-pentafluoro (1.16) > 2,4,5-trifluoro (0.99) > 2,4,6-
trifluoro (0.81). Thermogravimetric analysis (TGA) showed that decomposition of the synthesized 




TSE monomers, ring – functionalized trisubstituted ethylenes, 2-cyano-3-phenyl-2-propenoates 
(XPhCH=C(CN)CO2R), continue to attract attention as compounds with interesting properties and 
as comonomers for modification of commercial polymers[1].  
For instance, applications of methyl 2-cyano-3-phenyl-2-propenoate, MCPP have been 
reported[2,3]. Thus, dimethylamino ring-substituted MCPP was examined among other 
cyanovinylheteroaromatics in relation to organic nonlinear optics[4]. 3,5-Dibromo ring-substituted 
MCPP was explored in synthesis of new phenylsuccinimide derivatives with anticonvulsant 
properties[5].  Applications of ethyl 2-cyano-3-phenyl-2-propenoate, ECPP and its ring-substituted 
derivatives include studies of antifungal potential[6] and antileishmanial activity[7].Dimethylamino 
ring-substituted butyl 2-cyano-3-phenyl-2-propenoate, BCPP was reported in studies of 
merocyanines[8]. Diethylamino ring-substituted BCPP were used in preparation of photorefractive 
composites[9]. 
In particular, we have prepared chloro and fluoro ring-substituted isopropyl 2-cyano- 3-phenyl-2-
propenoates, ICPP, XPhCH=C(CN) CO2CH(CH3)2, where X is 2,3,6 – trichloro, 2,3,4 – trifluoro, 
2,4,5 – trifluoro, 2,4,6 – trifluoro, 3,4,5 – trifluoro, 2,3,5,6 – tetrafluoro, 2,3,4,5,6 – pentafluoro. 
And explored the feasibility of their copolymerization with styrene, a commercial monomer, by 
conventional radical copolymerization (Scheme 1).  
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To the best of our knowledge, none of the novel TSE monomers presented in this work, nor their 
copolymerization with styrene has previously been reported.  
 
1.1. Knoevenagel Condensation. 
The Knoevenagel condensation reaction consists of the addition of a carbanion to a carbonyl with 
subsequent dehydration and formation of a second bond. As opposite to the aldol condensation, in 
which it is an enol or enolate to attack the carbonyl group. The general mechanism of a Knoevenagel 
condensation reaction between a substituted benzaldehyde with isopropyl 2–cyano-propanoate is 
presented below[10]. Piperidine acts as catalyst, eliminating a proton from the propanoate, with 
formation of an enol intermediate (Scheme 2). 
 
Scheme 2. Enol intermediate formation 
 
The enol intermediate then reacts with the benzaldehyde to form an aldol that subsequently undergoes 




Scheme 3. Aldol formation and piperidine – induced elimination 
 
1.2. Synthesis of Trisubstituted Ethylenes 
The base – catalyzed Knoevenagel condensation reaction mechanism illustrated before is used to 
synthetize TSE monomers. A new C-C bond is formed via nucleophilic addition of the carbanion 
to the carbonyl group. Subsequently, a spontaneous dehydration reaction leads to formation of the 




Scheme 4: General Knoevenagel condensation of TSE monomers 
 
 
1.3. Chloro and fluoro ring – substituted esters of 2-cyano-3-phenyl-2-propenoates 
Chloro and fluoro ring – functionalized esters of 2-cyano-3-phenyl-2-propenoates are usually 
prepared by condensation of substituted benzaldehydes and alkyl cyanoacetates (Scheme 5).  
 
Scheme 5. Knoevenagel condensation of substituted benzaldehydes and alkyl cyanoacetates 
 
More specifically, TSE monomers studied in this work have been synthesized in the form of 
isopropyl 2-cyano-3-(R-phenyl)-2-propenoates (ICPP) by piperidine – catalyzed Knoevenagel 
condensation of chloro and fluoro substituted benzaldehydes with isopropyl 2–cyano-propanoate. 
The general mechanism and the specific example of synthesis of isopropyl 2-cyano-3-(2,3,4-
trifluoro-phenyl)-2-propenoate have both been reported (Scheme 6 and Scheme 7). 
 
 
 Scheme 6. Knoevenagel condensation of substituted benzaldehydes with isopropyl 2–cyano-propanoate 
 
 
Scheme 7. Synthesis of isopropyl 2-cyano-3-(2,3,4-phenyl)-2-propenoate 
 































































• M-185-17 = isopropyl 2-cyano-3-(2,3,6-trichloro-phenyl)-2-propenoate 
                                             
 
• M=186-17 = isopropyl 2-cyano-3-(2,3,4-trifluoro-phenyl)-2-propenoate 
                                             
• M-188-17 = isopropyl 2-cyano-3-(2,4,5-trifluoro-phenyl)-2-propenoate 
 
                                         
• M-188A-17 = isopropyl 2-cyano-3-(2,4,6-trifluoro-phenyl)-2-propenoate 
                                         
• M-189-17 = isopropyl 2-cyano-3-(3,4,5-trifluoro-phenyl)-2-propenoate 
 
                                         
• M-189A-17 = isopropyl 2-cyano-3-(2,3,5,6-tetrafluoro-phenyl)-2-propenoate 
 









































• M-190-17 = isopropyl 2-cyano-3-(2,3,4,5,6-pentafluoro-phenyl)-2-propenoate 
 
                                         
 
1.4. Polymerization of isopropyl 2-cyano-3-(R-phenyl)-2-propenoates 
 
After being synthetized, the feasibility of homo- and copolymerization of the novel TSE has been 
studied. Most TSE have been proven not to be able to form homo – polymers due to very low 
reactivity in radical homo-polymerization because of both polar and steric reasons (Scheme 8). 
1,1'-azobiscyclohexanecarbonitrile () was used as radical initiator in each case. 
 
 
Scheme 8. No formation of TSE homopolymers 
 
Below it is a specific example of isopropyl 2-cyano-3-(2,3,5,6-tetrafluoro)-2-propenoate not 
forming a homopolymer (Scheme 9). 
 
Scheme 9. Isopropyl 2-cyano-3-(2,3,5,6-tetrafluoro)-2-propenoate does not form homopolymers 
 
Although steric difficulties preclude homo-polymerization of most TSE monomers [11], their 
copolymerization with a monosubstituted alkene makes it possible to overcome these steric 
problems (Scheme 10).  
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Scheme 11. Copolymerization of TSE and styrene comonomers  
 
Copolymerization of electrophylic TSE compounds having double bonds substituted with halo, 
cyano, and carbonyl groups and electron-rich monosubstituted ethylenes such as styrene (Scheme 
11), N-vinylcarbazole, and vinyl acetate [12,13] show a tendency toward the formation of 
alternating copolymers – thus suggesting a way of functionalization of commercial polymers via 
introduction of isolated TSE monomer units. Where and alternating copolymer is in the form ~A 
– B – A – B – A – B – A – B – A – B~. With A and B being the two monomers that are being 
copolymerized. In this case, A and B represent the substituted benzaldehyde and styrene, 
respectively. 
 
The copolymers synthetized from a specific TSE and styrene were, eventually: 
• P-185-17 = polystyrene-co-poly isopropyl 2-cyano-3-(2,3,6-trichloro-phenyl)-2-
propenoate 
                                                         
• P-186-17 = polystyrene-co-poly isopropyl 2-cyano-3-(2,3,4-trifluoro-phenyl)-2-
propenoate 
                                                         
• P-188-17 = polystyrene-co-poly isopropyl 2-cyano-3-(2,4,5-trifluoro-phenyl)-2-
propenoate 



































• P-188A-17 = polystyrene-co-poly isopropyl 2-cyano-3-(2,4,6-trifluoro-phenyl)-2-
propenoate 
                                                         
• P-189-17 = polystyrene-co-poly isopropyl 2-cyano-3-(3,4,5-trifluoro-phenyl)-2-
propenoate 
                                                         
• P-189A-17 = polystyrene-co-poly isopropyl 2-cyano-3-(2,3,5,6-tetrafluoro-phenyl)-2-
propenoate 
                                                     
• P-190-17 = polystyrene-co-poly isopropyl 2-cyano-3-(2,3,4,5,6-pentafluoro-phenyl)-2-
propenoate 
                                                   
 
 
1.5. Specific objectives 
This project is part of an ongoing work on synthesis and analysis of various ring-functionalized 2-
cyano-3-phenyl-2-propenoates compounds. In this specific study, novel isopropyl 2-cyano-3-(R-
phenyl)-2-propenoates (ICPP), XPhCH=C(CN)CO2CH(CH3)2 have been prepared. Where X is: 
2,3,6 – trichloro, 2,3,4 – trifluoro, 2,4,5 – trifluoro, 2,4,6 – trifluoro, 3,4,5 – trifluoro, 2,3,5,6 – 
































TSE monomers, that might be used to develop materials with new properties and possible 
commercial applications, and the study of the correlation of their structure-reactivity potential in 




The TSE monomers were synthesized using 2,3,6-trichlorobenzaldehyde (97%), 2,3,4-
trifluorobenzaldehyde (96%), 2,4,5-trifluorobenzaldehyde (97%), 2,4,6-trifluorobenzaldehyde 
(98%), 3,4,5-trifluorobenzaldehyde (98%), (2,3,5,6-tetrafluorobenzaldehyde (97%), 2,3,4,5,6-
pentafluorobenzaldehyde (98%),  isopropyl cyanoacetate (99%), piperidine (99%), styrene, 
ABCN, and toluene. They were all supplied from Sigma-Aldrich Co., and used as received. 
Additionally, chloroform-d (99.8% atom D) and dichloromethane were used as solvents. 
 
2.2. Instrumental Analysis 
The infrared spectra of both monomers and copolymers were obtained by dissolution of 10.00 mg 
of the TSE monomer in 10.00 mL of dichloromethane (Sigma Aldrich) and evaporation of 10% 
(w/v) solutions on NaCl discs. The analyses were conducted in an ABB FTLA 2000 FT-IR 
spectrometer using Horizon MB software. Functional groups in the specific compound analyzed 
were thus identified. Additionally, Proton 1H and carbon 13C nuclear magnetic resonance (NMR) 
analyses were performed on the newly synthesized monomers and copolymers to confirm the 
presence of desired functional groups by observing their peaks in the NMR spectra. Solutions were 
prepared using 30 mg of the TSE monomer and 0.5 mL of chloroform-d (Sigma Aldrich) as solvent 
and analyzed using a Bruker Avance 300 MHz spectrometer.  
 Both Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis (TGA) 
were performed on the novel compounds in order to obtain information on their thermal behavior. 
TGA analysis were conducted on solid polymers only, while DSC analysis were performed on 
both solid monomers and copolymers. Specifically, sealed aluminum containers formed by 
aluminum pans and lids pressed together after addition of about 10.00 mg of the desired compound 
in the pan, were used in TA Instruments DSC Q10 were used to DSC analysis. By doing so, we 
were able to obtain melting point data of monomers and glass transition temperature, Tg, of 
copolymers. The temperature range for DSC analysis was 20 °C to 200 °C with a heating rate of 
20 °C/min. Specifically, the Tg values were determined from the middle of a straight line generated 
from the onset and endpoint peaks of reaction on the DSC thermogram[1].  
 In order to monitor the thermal degradation process of thermally stable copolymers (TGA 
analysis), a platinum pan containing the copolymer sample was loaded into the furnace of TA 
Instruments TGA Q50. The range for TGA analysis was room temperature to 600 °C with a heating 
rate of 10 °C/min. Gel Permeation Chromatography (GPC) is a size – exclusion chromatography 
technique (SEC) for the determination of molecular weight of polymers that separates the 
components of the dissolved compound by size in correlation to their elution time from columns 
filled with a porous gel.  Specifically, a Series 1 pump at an elution rate of 1.0 ml/min, a Visoteck 
TDA 302 Triple Detector Array, a linear ultrastyragel column and OmniSEC 4.0 software were 
used. Samples of the novel monomers and copolymers have also been sent to Midwest Microlab 
LLC (Indianapolis) to perform Elemental Analysis for the determination of CHN (percent of 
carbon, hydrogen, and nitrogen in the sample) of polymers and N (percent of nitrogen in the 
sample) of TSE monomers. 
 
3. Novel TSE monomers synthesis and characterization 
3.1. Synthesis of isopropyl 2-cyano-3-phenyl-2-propenoates 
A piperidine – catalyzed Knoevenagel condensation was carried out to synthesize chloro and 
fluoro ring-substituted isopropyl 2-cyano-3-phenyl-2-propenoates (ICPP) from chloro and fluoro 
ring-substituted benzaldehydes (Table 2) and isopropyl 2-cyano-propanoate. 
 
Equation 1 
                         𝑋𝑃ℎ𝐶𝐻𝑂 + 𝑁𝐶𝐶𝐻)𝐶𝐻(𝐶𝐻+))	 → 𝑋𝑃ℎ𝐶𝐻 = 𝐶(𝐶𝑁)𝐶𝑂))𝐶𝐻(𝐶𝐻+)) 
 
Where X = 2,3,6 – trichloro, 2,3,4 – trifluoro, 2,4,5 – trifluoro, 2,4,6 – trifluoro, 3,4,5 – trifluoro, 
2,3,5,6 – tetrafluoro, and 2,3,4,5,6 – pentafluoro. 
All the monomers in this work were prepared via the same synthetic procedure. In 
particular, the specific substituted benzaldehyde carrying the appropriate functional groups to 
synthesize the targeted TSE and isopropyl cyanoacetate were mixed in a 1:1 equimolar ratio in a 
20.00 mL scintillation vial. When needed, the mixture was heated to help the solution formation.  
The catalyst, piperidine, was then added with stirring. And the solution mixture was reacted for a 
day. The condensation reaction proceeded smoothly, yielding products. Which were subsequently 
isolated by vacuum filtration and purified by crystallization from 2-propanol, a good washing 
liquid for TSE monomers. Table 1 lists the different R groups used to synthesize the desired TSE 
monomers and their yield.  
 
Table 1. X groups, TSE monomers synthetized and respective yields 
X group    TSE Yield (wt %) 
2,3,6-trichloro  M-185-17         83 
2,3,4-trifluoro  M-186-17         85 
2,4,5-trifluoro  M-188-17         98 
2,4,6-trifluoro M-188A-17         89 
3,4,5-trifluoro  M-189-17         93 
2,3,5,6-tetrafluoro                         M-189A-17         95 













Table 2. X groups, structure and name of novel TSE monomers 
X Group                                  Structure                                  TSE Monomer 
2,3,6-trichloro                     











        
 M-188-17 
2,4,6-trifluoro              




                    
 M-189-17 
2,3,5,6-tetrafluoro     
       








































3.2. Physical Description. 
Each novel TSE monomer synthetized presented different physical properties. Most of them were 
solid. Table 3 below summarizes the physical description of the novel TSE monomers synthesized, 
including phase at room temperature and any color/phase change during monomer formation.  
 
Table 3.  Physical Description of novel isopropyl 2-cyano-3-(R-phenyl)-2-propenoates  
X group TSE Description 
2,3,6-trichloro M-185-17 Light yellow solid to light brown solid 
2,3,4-trifluoro M-186-17 Clear liquid to bright yellow solid 
2,4,5-trifluoro M-188-17 Clear liquid to yellow solid agglomerate 
2,4,6-trifluoro    M-188A-17 Orange – brown solid to straw yellow solid 
3,4,5-trifluoro M-189-17 Clear crystals to light yellow solid 
2,3,5,6-trifluoro    M-189A-17 Light yellow crystals to brown solid 
2,3,4,5,6-pentafluoro M-190-17 Clear crystals to yellow viscous solution 
 
 
3.3. Elemental Composition. 
The synthesized TSE monomers have been sent (about 100 µg each) to Midwest Microlab, LLC 
(IN), a commercial analytical lab, for Elemental Analysis (EA). Which consists in the 
determination of the mass fraction of carbon, hydrogen, nitrogen, and heteroatoms (CHNX) in a 
given sample. Due to cost – effectiveness, CHN analysis only were performed, excluding 
heteroatoms analysis.  
CHN analysis are mainly carried out to confirm the composition and purity of the 
synthesized TSE compounds. Indeed, the found CHN composition is then compared with the 
mathematically calculated elemental composition. In these circumstances, a TSE is considered 
relatively pure if the difference between found and calculated CHN composition values is less than 
5%. Larger values (>5%), on the other hand, are probably due to contaminants such as water, 
solvents, unreacted reagents, etc. 
 
 
Figure 1. Isopropyl 2-cyano-3-(2,3,5,6-phenyl)-2propenoate 
 
For instance, to determine the elemental composition of the isopropyl 2-cyano- 3-(2,3,5,6-
tetrafluoro-phenyl-2-propenoate (M-189A-17) above (Figure 1) we would proceed as follow: 
 







• Calculate the molar mass of each element by multiplying its atomic mass (periodic table) 
by the number of atoms of that specific element present in the formula 
• Calculate the total molar mass of the TSE considered by summing the molar mass of each 
element 
• Divide the molar mass of each element by total molar mass to obtain mass fraction of each 
element in the monomer 
 
Table 4. shows the elemental composition calculations for M-189A-17 
Table 4. Elemental composition of isopropyl 2-cyano-3-(2,3,5,6-tetrafluoro-phenyl)-2-
propenoate 
Element Atomic Mass Number of atoms Mol Mass % calc 
C 12.01 13 156.13 54.36 
H 1.01 9 9.09 3.16 
N 14.01 1 14.01 4.88 
O 16.00 2 32.00 11.14 
F 19.00 4 76.00 26.46 
Total 287.23 100 
 
Equation 2. below is used to determine whether a specific element is within the 5% purity range: 
Equation 2                               % purity = (%	1231432567
%894:7
× 100) - 100 
For instance, the purity of C atoms in M-189A-17 is: 
Equation 3                            % purity = (>?.+A
>?.>>
× 100) - 100 = 0.35% 
 
The different calculated and found values for the novel TSE monomers are shown in table 5. 







Calculated   
 
Found  
C H N C H N 
M-185-17 2,3,6-trichloro 50.45 3.64 4.20 49.34 3.33 4.59 
M-186-17 2,3,4-trifluoro 59.21 4.27 4.93 59.19 4.02 5.46 
M-188-17 2,4,5-trifluoro 59.21 4.27 4.93 48.75 3.77 5.27 
M-188A-17 2,4,6-trifluoro 59.21 4.27 4.93 57.88 3.89 5.29 
M-189-17 3,4,5-trifluoro 59.21 4.27 4.93 58.42 3.84 5.19 
M-189A-17 2,3,5,6-tetrafluoro 54.36 3.16 4.88 54.55 3.45 4.96 
M-190-17 2,3,4,5,6-pentafluoro 52.56 3.16 4.38 50.71 3.09 4.97 
 
3.4. Infrared Analysis. 
Infrared analysis has been carried out by Fourier Transform-Infrared Spectroscopy (FTIR). Which 
is an analytical technique that measures the absorption of infrared radiation by the sample material 
versus wavelength used to identify organic materials[14]. The infrared absorption bands identify 
molecular components and structures. Indeed, after irradiation with infrared radiation, the 
molecules that absorbed IR radiation, are excited into a higher vibrational state.  
The wavelengths absorbed by the sample are characteristic of its molecular structure and 
are a function of the energy difference between the at-rest and excited vibrational states. The IR 
spectrum of isopropyl 2-cyano-3-(2,4,6-trichloro-phenyl)-2-propenoate showing its characterizing 





Figure 2. IR spectra of TSE-186-17 showing characteristic groups stretches 
 
 
The wavenumber and intensity (strong, medium, weak) of the TSE monomers peaks analyzed are 
reported in Table 6. For	instance:	
• C-H	bonds	were	observed	at	~3000	cm-1,	respectively.	Specifically,	C-H	stretches	of	
aromatics	 and	aliphatic	 alkenes	 are	observed	at	>	3000	 cm-1	 and	C-H	 stretches	of	
alkanes	were	observed	at	<	3000	cm-1.			
• CN	bonds	were	observed	at	~2200	cm-1	







Table 6.  FTIR analysis of Isopropyl 2-cyano-3-(R-phenyl)-2-propenoates  
X Wave number, cm-1(intensity, bond/functional group assignment) 
2,3,6-trichloro 2962-2876 (m, C-H), 2235 (m, CN), 1732 (s, C=O), 1616 (C=C),    
1269 (s, C-O-CH3), 752, 700 (s, C-H out of plane) 
2,3,4-trifluoro 2962-2858 (m, C-H), 2237 (m, CN), 1730 (s, C=O), 1620 
(C=C),1244 (s, C-O-CH3), 782, 714 (s, C-H out of plane) 
2,4,5-trifluoro 3132-2843 (m, C-H), 2226 (m, CN), 1728 (s, C=O), 1601 (C=C), 
1265 (s, C-O-CH3), 744, 702 (s, C-H out of plane) 
2,4,6-trifluoro 3095-2846 (m, C-H), 2226 (m, CN), 1732 (s, C=O), 1590 (C=C), 
1267 (s, C-O-CH3), 758, 737 (s, C-H out of plane) 
3,4,5-trifluoro 3076-2878 (m, C-H), 2221 (m, CN), 1716 (s, C=O), 1604 (C=C), 
1272 (s, C-O-CH3), 744,709 (s, C-H out of plane) 
2,3,5,6-tetrafluoro 3070-2828 (m, C-H), 2237 (m, CN), 1743 (s, C=O), 1501 (C=C), 
1268 (s, C-O-CH3), 756, 706 (s, C-H out of plane) 
2,3,4,5,6-pentafluoro 3047-2878 (m, C-H), 2233 (m, CN), 1736 (s, C=O), 1521 (C=C), 
1268 (s, C-O-CH3), 760, 733 (s, C-H out of plane) 
 
 
Table 7. below shows the FTIR bands obtained from irradiation of the novel TSE monomers 
prepared, and more specifically, from the cyano group (CN), carbonyl group (CO), and ester group 
(R-O-R). The new bands of the TSE monomers were additionally confirmed by comparison to the 
substituted benzaldehyde used to synthetize the specific TSE analyzed.  
Both carbon – nitrogen and carbon – oxygen bonds present a dipole change because of the 
electronegativity difference between the atoms that results in a linear vibrating motion. 
In particular: 
 
• Cyano group stretch is usually expected at ~2200 cm-1 in a FTIR spectrum.  The TSE 
monomers analyzed exhibited this band between 2226 cm-1 and 2219 cm-1.  
 
• Carbon-oxygen group stretches are expected between ~1800 cm-1 and 1600 cm-1 and at 
~1300 cm-1 – 1000 cm-1.  
Indeed, C=O stretches are expected at ~1800 cm-1 – 1600 cm-1, C-C-O stretches at ~1300 
cm-1 and O-O-C stretches at 1000 cm-1. The TSE monomers of this series presented 
stretches from 1747 cm-1 to 1716 cm-1 and from 1272 cm-1 to 943 cm-1.  
 
Table 7:  Functional Groups IR Wavenumbers (cm-1) for Butyl 2-cyano-3-(R-phenyl)-2-
propenoate Monomers 





      2,3,6-trichloro       2235 1732 1269 – 945 
2,3,4-trifluoro 2237 1730       1244 – 945 
2,4,5-trifluoro 2226 1728       1265 – 943 
2,4,6-trifluoro 2226 1732                1267 – 944 
3,4,5-trifluoro 2221 1716       1272 – 948 
2,3,5,6-tetrafluoro 2237 1743       1268 – 948 
4-  2,3,4,5,6-pentafluoro 2233 1736       1268 – 945  
 
Thus, the structure of novel functional isopropyl 2-cyano-3-(R-phenyl)-2-propenoates has been 
confirmed by FTIR analysis. 
 
3.5. 1H-NMR Analysis 
Important for determining the structure of organic compounds is their 1H-NMR analysis as well. 
The 1H – NMR spectra of isopropyl 2-cyano-3-(2,3,4-trifluoro-phenyl)-2-propenoate (M-186-17) 
solution in CDCl3, is presented in Figure 3.  
Where typical functional groups were assigned as follow: 
• 8.5-8.1 ppm were assigned to methine groups (CH=) 
• 8.2-7.4 ppm were assigned to phenyl groups protons (Ph) 
• 5.6-5.1 ppm were assigned to isopropyl methine groups (OCH(CH3)2) 






Figure 3. 1HNMR spectra of M-186-17 
 
 






Table 8:  1H-NMR analysis of Butyl 2-cyano-3-(R-phenyl)-2-propenoate Monomers 
X Chemical Shift, d, ppm (splitting, integration, proton assignment) 
2,3,6-trichloro 8.2 (s, 1H, CH=), 7.6 (m, 4H, Ph), 5.2 (m, 1H, OCH(CH3)2), 1.3 (d, 
6H, OCH(CH3)2) 
2,3,4-trifluoro 8.5 (s, 1H, CH=), 8.2 (m, 4H, Ph), 5.3 (m, 1H, OCH(CH3)2), 1.4 (d, 
6H, OCH(CH3)2)  
2,4,5-trifluoro 8.4 (s, 1H, CH=), 8.2 (m, 4H, Ph), 5.4 (m, 1H, OCH(CH3)2), 1.2 (d, 
6H, OCH(CH3)2)  
2,4,6-trifluoro 8.1 (s, 1H, CH=), 7.4 (m, 4H, Ph), 5.2 (m, 1H, OCH(CH3)2), 1.3 (d, 
6H, OCH(CH3)2) 
3,4,5-trifluoro 8.3 (s, 1H, CH=), 7.5 (m, 4H, Ph), 5.2 (m, 1H, OCH(CH3)2), 1.3 (m, 
6H, OCH(CH3)2) 
2,3,5,6-tetrafluoro 8.4 (s, 1H, CH=), 7.6 (m, 4H, Ph), 5.6 (m, 1H, OCH(CH3)2), 1.4 (m, 
6H, OCH(CH3)2) 
2,3,4,5,6-pentafluoro 8.2 (s, 1H, CH=), 8.0 (m, 4H, Ph), 5.1 (m, 1H, OCH(CH3)2), 1.4 (m, 
6H, OCH(CH3)2) 
 
In conclusion, the 1H-NMR analysis confirmed the structure of our TSE monomers as well. 
 
3.6. 13C-NMR Analysis. 
In 13C-NMR spectral analysis the nuclear magnetic resonance is applied in respect to 13C rather 
than 1H. Figure 4 below shows the spectrum of isopropyl 2-cyano-3-(3,4,5-phenyl)-2-propenoate 
solution in CDCl3. In this sample spectrum we can recognize typical functional groups at recurrent 
ppm values.  
 
Figure 4. 13C-NMR spectrum of M-186-17 
 
All the chemical shifts and assignment for the prepared isopropyl 2-cyano-3-(R-phenyl)-2-
propenoates are shown in table 9. 
 
Table 9: 13C-NMR analysis of Isopropyl 2-cyano-3-(R-phenyl)-2-propenoate Monomers 
X Chemical Shift, d, ppm (carbon-13 assignment) 
2,3,6-trichloro 160 (C=O), 150 (HC=), 149, 137,132,131,129 (Ph), 115 (CN), 113 
(C=), 71 (CH), 22 (CH3)2 
2,3,4-trifluoro 160 (C=O), 150 (HC=), 144,141,139,123,118 (Ph), 117 (CN), 107 
(C=), 71 (CH), 22 (CH3)2 
2,4,5-trifluoro 162 (C=O), 152 (HC=), 146,143,118,116 (Ph), 114 (CN), 107 (C=), 
71 (CH), 22 (CH3)2 
2,4,6-trifluoro 160 (C=O), 159 (HC=), 142,142,113,112 (Ph), 107 (CN), 101 (C=), 
71 (CH), 22 (CH3)2 
3,4,5-trifluoro 160 (C=O), 150 (HC=), 144,142,127,116 (Ph), 115 (CN), 107 (C=), 
71 (CH), 22 (CH3)2 
2,3,5,6-tetrafluoro 160 (C=O), 146 (HC=), 145,143,142,140,136 (Ph), 115 (CN), 109 
(C=), 72 (CH), 22 (CH3)2 
2,3,4,5,6-pentafluoro 160 (C=O), 150 (HC=), 144,142,127,116 (Ph), 115 (CN), 108 (C=), 
72 (CH), 21 (CH3)2 
 
 
In conclusion, both 1H – NMR and 13C – NMR results, as well as IR and EA results, aim towards 
evidence that the compounds are indeed the targeted isopropyl 2-cyano-3-(R-phenyl)-2-
propenoates monomers. 
 
4. Synthesis and characterization of ST-ICPP monomers 
 
4.1. Copolymerization of isopropyl 2-cyano-3-(R-phenyl)-2-propenoates with Styrene 
The same synthetic procedure (Scheme 12) was used to synthesis all the copolymers of this series 
at ST/ICPP = 3 (mol) ratio (ST/TSE = 3/1 mole/mole) in 20.00 mL scintillation vials. To the vials 
were added ABCN (0.0005 mol/L) and toluene (10.00 mL). Samples prepared were copolymerized 
in a preheated polymerization oven (70 °C) for 7 days. 
 
 
Scheme 12. Copolymerization of styrene with alkyl ring-substituted isopropyl 2-cyano-3-(R-phenyl)-2-propenoates, 
where X is 2,3,6 – trichloro, 2,3,4 – trifluoro, 2,4,5 – trifluoro, 2,4,6 – trifluoro, 3,4,5 – trifluoro, 2,3,5,6 – tetrafluoro, 














 x  y
The precipitated polymeric products were eventually isolated from the solvent by vacuum 
filtration and dried in a vacuum oven at room temperature to achieve constant weight (Table 10). 
 
Table 10. Synthesis of Styrene – ICPP Copolymers 
X     TSE Yield (wt %) 
2,3,6-trichloro  P-185-17        97 
2,3,4-trifluoro  P-186-17        89 
2,4,5-trifluoro  P-188-17        93 
2,4,6-trifluoro P-188A-17        93 
3,4,5-trifluoro  P-189-17        91 
2,3,5,6-tertrafluoro P-189A-17        98 
2,3,4,5,6-pentafluoro  P-190-17        88 
 
4.2. Mechanism of Copolymerization 
Before the copolymerization itself takes places, the radical initiator is formed (Scheme 13) by 
thermal cleavage of 1,1’-azobiscyclohexanecarbonitrile (ABCN). 
 
 Scheme 13. Radical initiator formation 
    
The radical copolymerization of styrene and TSE monomers, then, proceeds through initiation, 
propagation, and termination. Which are common steps of a radical polymerization process: 
 
• Initiation: the radical initiator, a radical fragment formed by the previous cleavage, attacks 
the previously formed C=C bond between the benzaldehyde and the 2-cyano-3-phenyl-2-
propenoate of the TSE monomer (Scheme 14). 
 
 













            Where I is the radical fragment previously formed: 
 
               Figure 5. Initiator structure 
 
• Propagation: the radical species formed attacks the alkene on the ST monomer 
Scheme 15. Propagation step of radical copolymerization 
 
• Termination: the coupling of two radical growing species takes place 
 
Scheme 16. Termination step (coupling) of radical copolymerization. R=CO2CH(CH3)2 
 
All the ST – TSE copolymers were formed through the same radical mechanism. 
Copolymerization of M-189A-17 with styrene to form P-189A-17 via the same initiation (Scheme 
13), propagation (Scheme 17) and termination (Scheme 18) steps, for instance, is shown. 
 




Scheme 18. Termination step of radical copolymerization of M-189A-17 by coupling. R=CO2CH(CH3)2 
4.3. FTIR Analysis 
Copolymers were characterized by FTIR spectroscopy in order to elucidate their structure (Figure 
6).  The supporting evidence for the synthesized copolymer was determined using the various 




Figure 6. IR spectra of P-185-17 
 
Wave numbers and intensity of the different spectra for each copolymer are reported in Table 11.   
 
Table 11.  FTIR analysis of Isopropyl 2-cyano-3-(R-phenyl)-2-propenoates  
X Wave number, cm-1(intensity, bond/functional group assignment) 
2,3,6-trichloro 3103-2854 (m, C-H), 2341 (m, CN), 1742 (s, C=O), 1257 (s, C-O-CH3), 
842 (s, C-H out of plane)  
2,3,4-trifluoro 3088-2874 (m, C-H), 2238 (m, CN), 1743 (s, C=O), 1266 (s, C-O-CH3), 
740, 704 (s, C-H out of plane) 
2,4,5-trifluoro 3083-2912 (m, C-H), 2246 (m, CN), 1748 (s, C=O), 1244 (s, C-O-CH3), 
735, 700 (s, C-H out of plane) 
2,4,6-trifluoro 3063-2932 (m, C-H), 2247 (m, CN), 1744 (s, C=O), 1219 (s, C-O-CH3), 
736, 713 (s, C-H out of plane) cambia 
3,4,5-trifluoro 3078-2873 (m, C-H), 2226 (m, CN), 1716 (s, C=O), 1234 (s, C-O-CH3), 
736, 713 (s, C-H out of plane) 
2,3,5,6-tetrafluoro 3070-2828 (m, C-H), 2241 (m, CN), 1744 (s, C=O),1261 (s, C-O-CH3), 
752, 702 (s, C-H out of plane) 
2,3,4,5,6-pentafluoro 3086-2881 (m, C-H), 2241 (m, CN), 1747 (s, C=O), 1230 (s, C-O-CH3), 
758, 706 (s, C-H out of plane) 
 
 
4.4.  1H-NMR Analysis 
The novel copolymers were analyzed by 1H-NMR as well. The spectrum for P-185-17 is presented 
below (Figure 7) 
 
 
Figure 7. 1H-NMR spectra of P-185-17 with typical representative peaks of the series 
 
From the 1H NMR spectra of the ST-ICPP copolymers, were observed peaks at similar ppm values 
(Table 12). Specifically, peaks at: 
• 7.9-6.0 ppm (usually broad peaks) were assigned to protons of phenyl rings (Ph)  
• 5.6-5.0 ppm were assigned to the methine group of the isopropyl ester (CH(CH3)2) 
• 4.5-3.8 ppm were assigned to methylene groups of the chain (CH3CH2CH) 
• 3.8-2.8 ppm were assigned to methine groups attached to the R-phenyl ring (CH-Ph-R) 
• 2.5-2.1 ppm were assigned to methine groups bound to the phenyl group in the chain 
      (CH-Ph) 
• 2.0-0.8 ppm (usually broad peaks) were assigned to methine and methylene groups of the 
ST comonomer (CH3CH2CH, CH2CHPh) 












Table 12: 1H-NMR analysis of each P(ST-co-ICPP) 
X                       Chemical Shift, d, ppm (carbon-13 assignment) 
2,3,6-trichloro 7.6-6.3 (Ph), 5.4-5.2 (CH(CH3)2), 4.0 (CH3CH2CH), 3.8-3.4 (CH-Ph-R), 
2.5-2.1 (CH-Ph), 2.1-1.2 (CH3CH2CH, CH2CHPh), 1.2-0.4 (CH(CH3)2). 
2,3,4-trifluoro 7.9-6.1 (Ph), 5.2-5.0 (CH(CH3)2), 4.4-3.8 (CH3CH2CH), 3.4-2.8 (CH-Ph-R), 
2.5-2.1 (CH-Ph), 2.0-1.2 (CH3CH2CH, CH2CHPh), 1.2-0.7 (CH(CH3)2). 
2,4,5-trifluoro 7.4-6.1 (Ph), 5.1-5.0 (CH(CH3)2), 4.0-3.6 (CH3CH2CH), 3.3-2.8 (CH-Ph-R), 
2.3 (CH-Ph), 2.0-0.9 (CH3CH2CH, CH2CHPh), 0.9-0.3 (CH(CH3)2). 
2,4,6-trifluoro 7.5-6.9 (Ph), 5.6-5.1 (CH(CH3)2), 4.2 (CH3CH2CH), 3.7-2.9 (CH-Ph-R), 
2.6-2.2 (CH-Ph), 2.2-0.8 (CH3CH2CH, CH2CHPh), 0.7-0.2 (CH(CH3)2). 
3,4,5-trifluoro 7.8-6.9 (Ph), 5.5-5.2 (CH(CH3)2), 4.3-4.1 (CH3CH2CH), 3.8-3.4 (CH-Ph-R), 
2.4-2.3 (CH-Ph), 2.0-0.9 (CH3CH2CH, CH2CHPh), 0.6-0.2 (CH(CH3)2). 
2,3,5,6-tetrafluoro 7.4-7.2 (Ph), 5.3-5.2 (CH(CH3)2), 4.5-4.2 (CH3CH2CH), 3.3-3.1 (CH-Ph-R), 
2.2-2.1 (CH-Ph), 1.5-1.2 (CH3CH2CH, CH2CHPh), 1.3-1.2 (CH(CH3)2). 
2,3,4,5,6-pentafluoro 7.7-6.0 (Ph), 5.5 (CH(CH3)2), 4.5-4.2(CH3CH2CH), 3.8-2.9 (CH-Ph-R),  
2.4-2.2 (CH-Ph), 2.0-1.1 (CH3CH2CH, CH2CHPh), 1.0-0.3 (CH(CH3)2). 
 
 
4.5. 13C-NMR Analysis  
13C-NMR analysis of the copolymers were carried out as well to confirm their structure. 
Figure 8 shows the 13C-NMR spectrum of P-186-17.  
The attack of a ST – ended radical comonomer on both sides of the TSE comonomer is probably 
the reason associated with broadening of the NMR signals observed in the spectra of the 
copolymers[1]. 
The peaks for each novel copolymer spectra were assigned (Table 13) as follow:  
• 167-162 ppm were assigned to carbons of the carbonyl group (C=O) 
• 146-122 ppm were assigned to phenyl groups (Ph) 
• 126-114 ppm were assigned to cyano groups (CN) 
• 74-68 ppm were assigned to methine group of the isopropyl ester (CH(CH3)2 
• 48-41 ppm were assigned to methine groups attached to the R-phenyl ring (CH-Ph-R)  
• 40-34 ppm were assigned to methine groups bound to the phenyl group in the chain 
      (CH-Ph) and to quaternary carbons 
• 23-17 ppm were assigned to methyl groups of the isopropyl ester (CH(CH3)2) 
 
 
Figure 8. 13C-NMR spectrum of P-186-17 with labeled peaks 
 
 
Table 13: 13C-NMR analysis of each P(ST-co-ICPP) 
X              Chemical Shift, d, ppm (carbon-13 assignment) 
2,3,6-trichloro 164-162 (C=O), 146-143 (Ph), 120-117 (CN), 73-72 (CH(CH3)2),  
47-45 (CH-Ph-R), 45-42 (CH3CH2CH), 39-35 (CH-Ph, quaternary 
carbon), 23-21 (CH(CH3)2) 
2,3,4-trifluoro 167 (C=O), 129-126 (Ph), 116-114 (CN), 72-70 (CH(CH3)2), 
46-44 (CH-Ph-R), 44-42 (CH3CH2CH), 40-35 (CH-Ph, 
quaternary carbon), 22-21 (CH(CH3)2) 
2,4,5-trifluoro 166-168 (C=O), 127-122 (Ph), 121-114 (CN), 71-68 (CH(CH3)2),  
45-41 (CH-Ph-R), 40-38 (CH3CH2CH), 38-34 (CH-Ph, 
quaternary carbon), 22-20 (CH(CH3)2) 
2,4,6-trifluoro 168-165 (C=O), 143-138 (Ph), 124-117 (CN), 74-70 (CH(CH3)2), 
45-43 (CH-Ph-R), 43-41 (CH3CH2CH), 40-38 (CH-Ph, 
quaternary carbon), 22-17 (CH(CH3)2) 
3,4,5-trifluoro 162-160 (C=O), 128-126 (Ph), 126-124 (CN), 72-70 (CH(CH3)2), 
46-44 (CH-Ph-R), 44-42 (CH3CH2CH), 39-38 (CH-Ph, 
quaternary carbon), 22-21 (CH(CH3)2) 
2,3,5,6-tetrafluoro 163-162 (C=O), 148-140 (Ph), 123-122 (CN), 73-72 (CH(CH3)2), 
47-46 (CH-Ph-R), 45-44 (CH3CH2CH), 39-38 (CH-Ph, 
quaternary carbon), 23-21 (CH(CH3)2) 
2,3,4,5,6-pentafluoro 167-164 (C=O), 144-135 (Ph), 120-116 (CN), 72-69 (CH(CH3)2), 
48-44 (CH-Ph-R), 44-41 (CH3CH2CH), 40-43 (CH-Ph, 
quaternary carbon), 20-17 (CH(CH3)2) 
 
4.6. Copolymer Composition 
The ST and TSE comonomers present different reactivity during the propagation reaction. Which 
is why the polymer chain of the novel ST – ICCP copolymers does not have the same amount of 
ST and TSE monomer units (~(ST)x- (TSE)y~). Since only the TSE comonomer presents 
nitrogen (N) in its structure though, nitrogen elemental analysis may be used to calculate the 
composition of the novel ST – TSE copolymers. Indeed, the amount of TSE comonomer (y) in 
the copolymer can be determined by knowing the relative amount of nitrogen in the copolymer. 
N elemental analysis were performed by Midwest Microlab LLC (Indianapolis) to calculate N 
(wt %), the mass (g) of nitrogen in 100g of copolymer. Table 14 lists the nitrogen content of each 
TSE monomer. 
 
Table 14. Nitrogen content of ST – isopropyl 2-cyano-3-(R-phenyl)-2-propenoate copolymers 
X      TSE Nitrogen Content (wt %) 
2,3,6 – Trichloro  M-185-17               2.06 
2,3,4 – Trifluoro  M-186-17               2.21 
2,4,5 – Trifluoro  M-188-17               2.03 
2,4,6 – Trifluoro  M-188A-17               1.85 
3,4,5 – Trifluoro  M-189-17               2.19 
2,3,5,6 – Tetrafluoro M-189A-17               2.06 
2,3,4,5,6 - Pentafluoro M-190-17               2.21 
 
 
Once N (wt %) is known, the weight (wt %) and mole (mol %) composition of the (ST)x - (TSE)y 
copolymer, X and Y can be calculated as follow: 
 
• Moles of TSE, MOLTSE = N (g/100g of copolymer) / 14.01 g/mole (mol wt of nitrogen) 
 
• Weight content of TSE in the copolymer, Y (wt%) = MOLTSE · MTSE 
      Where MTSE = molecular weight of TSE comonomer 
 
• Weight content of ST in the copolymer, X (wt%) = 100 – Y (wt%) 
 
• Moles of ST, MOLST= X (wt%) / MST. Where MST = molecular weight of ST comonomer 
 
• Mole % of ST in the copolymer = X (mol %) = [MOLST / (MOLST + MOLTSE)] · 100% 
 
• Mole % of TSE in the copolymer = Y (mol %) = 100 – X mol % 
 
For instance, if we want to calculate the composition of P-186-17 (P(ST-co-isopropyl 2-cyano-
3(2,3,4-trifluoro-phenyl)-2-propenoate)) we can proceed as follows: 
 
Equation 4  
	𝑀𝑂𝐿DEF 	=
2.21	𝑔




















(0.158 + 0.552)	𝑚𝑜𝑙Z × 100 =




𝒀	(𝑚𝑜𝑙	%) = (100 − 77.8)	𝑚𝑜𝑙% = 22.2	𝑚𝑜𝑙%	
 
 
Table 15 shows the calculated weight (wt %) and mole (mol %) composition values of ST and 
TSE in each copolymer. 
 
Table 15. Calculated Composition of Styrene - Isopropyl 2-cyano-3-(R-phenyl)-2-propenoate 
Copolymers from Results of Nitrogen Elemental Analysis  
TSE  MWTSE N wt% TSE mol TSE g ST g mol ST ST (mol %) TSE (mol%) 
M-185-17 318.59 2.06 0.147 46.8 53.2 0.510 77.6 22.4 
M-186-17 269.24 2.21 0.158 42.4 57.5 0.552 77.8 22.2 
M-188-17 269.24 2.03 0.145 39.0 61.0 0.586 80.1 19.9 
M-188A-17 269.24 1.85 0.132 35.5 64.5 0.619 82.5 17.5 
M-189-17 269.24 2.19 0.156 42.0 58.0 0.557 78.1 21.9 
M-189A-17 288.24 2.06 0.158 45.5 54.5 0.523 76.8 23.2 
M-190-17 307.24 2.21 0.147 45.2 54.8 0.526        78.2         21.8 
 
 
4.7. Relative Reactivity of the Monomers in Copolymerization 
Since, as previously discussed, TSE comonomers do not react with themselves, only the relative 
reactivity of styrene was examined. Equimolar amounts of the two ST and TSE comonomers were 
used to minimize a composition drift effect. Composition drifts are caused by the comonomers 
used for the copolymerization not having the same reactivity ratio. In the specific, they are due to 
a comonomer preference to react both with itself and the other comonomer during radical 
polymerization reactions[15]. Which can eventually result into a variation of the copolymer 
composition. For example, both large ST blocks (i.e. R-ST-ST-ST-R) or frequent alternating ST – 
TSE blocks (i.e. R-ST-TSE-ST-TSE-R) might occur within the copolymer due to an added excess 
of ST comonomer. Thus, during the radical copolymerization reaction, all of the following 
reactions might occur between ST and TSE in equimolar amounts: 
 
Equation 10 
R-ST∗ + ST →	R-ST-ST* 
 
Equation 11 
R-ST∗ + TSE → R-ST-TSE* 
 
Equation 12 
R-TSE∗ + ST → R-TSE-ST* 
Relative reactivities of ST and the ICPP monomers in the copolymerization can be estimated by 









where m1 and m2 are mole fractions of ST and ICPP monomer units in the copolymer, [M1] and 
[M2] are concentrations of ST and an ICPP in the monomer feed (the comonomers were 
copolymerized at a ST/ICPP = 3 (mol) ratio, thus [M1]/[M2] = 3). 


















= 	 𝑟d m
[𝑀d]
[𝑀)]







Which assumes a low conversion due to minimal copolymer compositional drift during the 
copolymerization reaction. Moreover, since the ICCP do not self-propagate Eq. 17 can be used to 


















Which represents the rate constant ratio of which between an ICPP and a ST comonomer will 
attach to a ST-ending growing polymer chain. It allows, thus, to determinate the reactivity of a ST-
ended polymer radical in reaction with ICPP comonomers. For instance, the relative reactivity of 











The relative reactivities (1/r1) for the ICPP monomers decreased in the following fashion: 
2,3,5,6-tetrafluoro (1.30) > 2,3,6-trichloro (1.21) > 2,3,4-trifluoro (1.20) > 3,4,5-trifluoro (1.17) > 
2,3,4,5,6-pentafluoro (1.16) > 2,4,5-trifluoro (0.99) > 2,4,6-trifluoro (0.81)  
According to nitrogen EA analysis, TSE comonomers are highly reactive towards ST 
comonomers at ST/ICPP = 3 (mol). Indeed, between 17.5% and 23.2% of TSE monomers are 
present at this particular feed ratio. The calculated reactivity ratios are in agreement with the 
previous statement. Thus, ICPP monomers are more likely to be added to a ST-ended polymer 
radical[1] at ST/ICPP =3 (mol) feed ratio. In conclusion, it is possible that these copolymers have 
larger sections of alternating comonomers within the chain. Table 16 shows the calculated 
reactivity ratios for all the ICPP of this series.   
 
Table 16: Nitrogen Elemental Analysis Results for ICPP comonomers and ST and TSE mol% 
fraction, and Reaction Rates 
TSE R Group    N (wt %) ST in polymer 
      (mol %) 
TSE in polymer 
       (mol %) 1/r1 
2,3,6 – Trichloro        2.06         77.6          22.4 1.21 
2,3,4 – Trifluoro        2.21         77.8          22.2 1.20 
2,4,5 – Trifluoro        2.03         80.1          19.9 0.99 
2,4,6 – Trifluoro        1.85         82.5          17.5 0.81 
3,4,5 – Trifluoro        2.19         78.1          21.9 1.17 
2,3,5,6 – Tetrafluoro        2.06         76.8          23.2 1.30 
2,3,4,5,6 – Pentafluoro        2.21         78.2          21.8 1.16 
 
Table 17 shows the relative reactivities obtained for another series of ST – ICCP copolymers 
previously studied[1]. The X groups of that series are reported in the table as well. 
 
Table 17: Nitrogen Elemental Analysis Results for ICPP comonomers and ST and TSE mol% 
fraction, and Reaction Rates 
TSE X Group    N (wt %) ST in polymer 
      (mol %) 
TSE in polymer 
       (mol %) 
1/r1 
2-CH3O        2.70         72.5          27.5 1.84 
3-CH3O        2.00         81.4          18.6 0.89 
4-CH3O        2.32         77.5          22.5 1.23 
2-C2H5O        2.20         78.4          21.6 1.14 
3-C2H5O        2.66         72.0          28.0 1.91 
4-C2H5O        2.18         78.7          21.3 1.11 
4-C3H7O        2.40         74.9          25.1 1.51 
 
4.8. Solubility and Molecular Weight 
 
As mentioned earlier in this work, GPC is used to predict the molecular weight of the polymers 
studied. Being all of them soluble in THF, the molecular weights were determined relative to 
polystyrene standards in THF solutions. The sample concentrations of the polymers object of 
study ranged from 8.50 mg/mL to 9.48 mg/mL, with the concentration values depending on the 
exact amount of copolymer and THF added. Figure 9 shows a sample GPC trace of P-188A-17. 
The GPC traces of ST-ring-substituted ICPP copolymers displayed unimodal peaks for the 
weight distribution (Figure 10). 
 
 





Figure 10. A sample unimodal peak obtained from P-188A-17.  
 
 





















5. Thermal behavior 
The thermal behavior of the novel ST- TSE copolymers has been studied through DSC and TGA 
analysis. 
 
5.1. DSC Analysis 
With DSC analysis, the glass transition temperature (Tg) of the novel ST – ICCP copolymers is 
measured. The Tg is temperature at which a transition from hard, brittle glassy state into a viscous 
or rubbery state as the temperature is increased. Which elucidates the temperature changes that the 
examined compound may withhold during stress. Knowing the Tg temperature is, thus, important 
as it is a crucial parameter to take into consideration for future material application. 
In typical DSC analysis, the copolymer and its reference are analyzed at the same time in 
the same sample holder. And the amount of heat required to increase the temperature of a sample 
and reference is measured as a function of temperature. Basically, when the copolymer reaches its 
Tg and undergoes the glassy – rubbery state transition, the amount of heat flowing to the sample 
and necessary to maintain both sample and reference at the same temperature is registered. 
A typical DSC trace for ST-ICPP copolymers is reported (Figure 11). 
 
 
Figure 11. DSC trace of P-186-17 showing Tg = 125 °C 
TSE X Group Mw (kDA)             Mn (kDA)                 Mw/Mn 
2,3,6 – Trichloro        55                           53                           1.04 
2,3,4 – Trifluoro        61                           57                           1.06 
2,4,5 – Trifluoro        59                           56                           1.06 
2,4,6 – Trifluoro        58                           56                           1.04 
3,4,5 – Trifluoro        60                           57                           1.06      
2,3,5,6 – Tetrafluoro         58                           55                           1.04 
2,3,4,5,6 – Pentafluoro         59                           56                           1.06 
 
The Tg temperature of the novel ST – ICCP copolymers ranged from 78 °C for the 2,3,6 – 
Trichloro to 151 °C for the 2,3,5,6 – Tetrafluoro, with an average Tg value of 131 °C, for the series 
studied (Table 19). Both the 2,3,4 – Trifluoro and the 2,4,6 – Trifluoro presented a Tg temperature 
value of 125 °C. Thus, except for P-185-17, the Tg values of ST-ICPP copolymers are higher than 
those of the ST copolymers only (~100 °C). 
 
 
  Table 19.  Differential Scanning Calorimetry Data for ST-BCPP Copolymers 
TSE X Group              Glass Transition Temperature (°C) 
2,3,6 – Trichloro 78 
2,3,4 – Trifluoro 125 
2,4,5 – Trifluoro  141 
2,4,6 – Trifluoro  125 
3,4,5 – Trifluoro  149 
2,3,5,6 – Tetrafluoro  154 
2,3,4,5,6 - Pentafluoro 143 
 
5.2. TGA Analysis 
The main difference between DSC and TGA analysis is that DSC analysis the different 
temperature changes before, during and after phase transitions, while TGA analysis the 
temperatures at which the sample decomposes. It does not need to be compared to a reference 
sample as decomposition properties are to the specific sample studied. Figure 12 illustrates a 
typical TGA trace for polymers of this series. 
 
 
Figure 11. TGA trace of P-190-17 showing decomposition temperatures and residues 
As shown in table 20, the TGA onset temperatures of the novel ST – ICCP copolymers ranged 
from 76 °C for the 2,3,6 – trichloro – ICCP copolymer to 263 °C for the 2,3,4 – trifluoro – ICCP 
copolymer, with the average onset being 209 °C.  
The range of temperatures at 90% decomposition for this series of copolymers was 270 °C 
for the 2,3,6 – trichloro to 298 °C for the 2,3,4 – trifluoro, with the average 90% decomposition 
temperature being 286 °C. The range of temperatures yielded at 50% decomposition, for the 
copolymers examined was between 342 °C for the 2,3,6 – trichloro to 364 °C 2,3,4 – trifluoro, 
with the average temperature being 349 °C. The 2,4,6 – trifluoro and the 3,4,5 – trifluoro had very 
similar 50% degradation temperatures at 345 °C and 348 °C, respectively.  So did the 2,3,5,6 – 
tetrafluoro, with a temperature of 355 °C, and the 2,3,4,5,6 – pentafluoro, with a temperature of 
356 °C.  Polystyrene has a reported value of 356 °C for 50% decomposition.  
 
Table 20.  Thermogravimetric Analysis Data for ST-ICPP Copolymers 
TSE X Group  Onset (%) 90% (°C)                 50% (°C) 
2,3,6 – Trichloro        76      270       342 
2,3,4 – Trifluoro        263      298       364 
2,4,5 – Trifluoro        237      284       335 
2,4,6 – Trifluoro       251      296       348 
3,4,5 – Trifluoro       222      285       345 
2,3,5,6 – Tetrafluoro        234      289       355 
2,3,4,5,6 - Tetrafluoro       174      283        356 
 
The range of temperatures at 90% decomposition for this series of copolymers was 270 °C for the 
2,3,6 – trichloro to 298 °C for the 2,3,4 – trifluoro, with the average 90% decomposition 
temperature being 286 °C. The range of temperatures yielded at 50% decomposition, for the 
copolymers examined was between 342 °C for the 2,3,6 – trichloro to 364 °C 2,3,4 – trifluoro, 
with the average temperature being 349 °C. The 2,4,6 – trifluoro and the 3,4,5 – trifluoro had very 
similar 50% degradation temperatures at 345 °C and 348 °C, respectively.  So did the 2,3,5,6 – 
tetrafluoro, with a temperature of 355 °C, and the 2,3,4,5,6 – pentafluoro, with a temperature of 
356 °C.  Polystyrene has a reported value of 356 °C for 50% decomposition.  
All the novel copolymers have lower thermal stability than polystyrene (PS) alone. The 
reported values for PS are, indeed, 350ºC for the degradation onset, 425 ºC at 90% sample 
decomposition, and 428 ºC at 50% decomposition. The lower thermal stability of the ST-ICPP 
copolymers is apparently associated with presence of ICPP quaternary carbon in the chain[16]. 
Decomposition analysis of the ST – ICCP copolymers up to 500 ºC, yielded residues. With a 
residue percentage range between 0.4% for the 2,3,4 – trifluoro to 6.4% for 2,3,4,5,6 – pentafluoro. 




Novel trisubstituted ethylenes (TSE), chloro and fluoro 2-cyano-3-phenyl-2-propenoic propenoates 
(XPhCH=C(CN)CO2CH(CH3)2) were synthetized by piperidine – catalyzed Knoevenagel 
condensation of chloro and fluoro substituted benzaldehydes with isopropyl cyanoacetate. 
Specifically, substituents group present on the specific benzaldehydes used were: 2,3,6 – trichloro, 
2,3,4 – trifluoro, 2,4,5 – trifluoro, 2,4,6 – trifluoro, 3,4,5 – trifluoro, 2,3,5,6 – tetrafluoro, 2,3,4,5,6 
– pentafluoro.   Their structure was then confirmed by elemental analysis, IR, 1H- and 13C-NMR. 
It was proved that no homo-polymerization is observed while radical copolymerization with 
styrene does take place. Subsequently, IR, 1H- and 13C-NMR analysis were performed to confirm 
the structure of the novel copolymers. The copolymers, based on nitrogen EA and reactivity ratio 
calculations, showed an alternating chain fashion-growth. The order of relative reactivity was, 
indeed, the following: 2,3,5,6-tetrafluoro (1.30) > 2,3,6-trichloro (1.21) > 2,3,4-trifluoro (1.20) > 
3,4,5-trifluoro (1.17) > 2,3,4,5,6-pentafluoro (1.16) > 2,4,5-trifluoro (0.99) > 2,4,6-trifluoro (0.81).  
Thermal behavior information was obtained by DSC and TGA analysis. Which allowed the 
determination of both glass transition and decomposition of the novel copolymers. Decomposition 
of the copolymers in nitrogen occurred in two steps, the first yielded a residue (0.4-6.4% wt), that 
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